Stress measurements yield insight into technologically relevant deformation and failure mechanisms in electrodeposition, battery reactions, corrosion and anodic oxidation. Aluminum anodizing experiments were performed to demonstrate the effectiveness of phase-shifting curvature interferometry as a new technique for high-resolution in situ stress measurement. This method uses interferometry to monitor surface curvature changes, from which stress evolution is inferred. Phase-shifting of the reflected beams enhanced measurement sensitivity, and the separation of the optical path from the electrochemical cell in the present system provided increased stability. Curvature changes as small as 10−3 km−1 were detected, at least comparable to the resolution of state-of-the-art multiple beam deflectometry. It was demonstrated that small curvature change rates of 10−3 km−1s−1 could be reliably measured, indicating that the technique can be applied to bulk samples. The dependence of the stress change during anodizing on current density (tensile at low current density, but increasingly compressive at higher current densities) was quantitatively consistent with earlier multiple-beam deflectometry measurements. The close similarity between the results of these different highresolution measurements helps to resolve conflicting reports of anodizing-induced stress changes found in the literature.
Measurement of stress evolution has been employed as an integral component in investigations of diverse electrochemical processes such as electrodeposition, anodic oxidation, corrosion, adsorption and lithiation/delithiation in lithium batteries. [1] [2] [3] [4] [5] [6] [7] [8] [9] In situ monitoring of the stress state allows direct correlation between stress and the current or potential, thus providing fundamental insight into technologically important deformation and failure mechanisms induced by electrochemical reactions. In the example considered in this work, anodic oxidation of reactive metals such as aluminum and titanium results in buildup of significant levels of stress in the oxide, which may be involved in the development of self-organized arrays of pores. [10] [11] [12] In-situ monitoring of stress state can reveal the mechanism by which anodizing produces growth instabilities that initiate development of the porous oxide morphology.
Stress change due to electrochemical reactions is typically inferred from curvature measurements. 13 A reactive sample such as a metal thin film is deposited on one side of a substrate, and stress in the sample leads to substrate bending. Substrate curvature changes can be inferred either using a differential capacitance method or optical deflectometry. In single-beam laser deflectometry, a laser beam is reflected from the substrate and curvature changes are obtained by monitoring the position of the reflected spot. [1] [2] [3] [4] [5] [6] [7] [8] [9] 14, 15 Since stress resolution scales with the square of the substrate thickness, sputtered metallic layers on thin inert wafers are frequently used as samples to maximize resolution. 16, 17 Floro and Chason developed an improved version of this technique that relies on monitoring the deflection of an array of equally spaced laser beams reflected from the substrate to measure all components of in-plane substrate curvature with high resolution and robustness. 18 The liquid medium in electrochemical cells imposes restrictions on stress measurements. The integration of the differential capacitance method into electrochemical cells is limited by the electrical conductivity of aqueous media, and hence optical techniques are primarily used for curvature measurement. 19, 20 The submerged samples also affect the sensitivity and stability of optical curvature measurement. Optical detectors used to determine beam deflection are usually placed at some distance from the sample, since increasing the sample-detector distance improves curvature resolution. 21 Since the laser beams pass through media of different indexes of refraction, uncertainty in indexes of refraction of liquid can lead to limitation on curvature measurement resolution. 22, 23 Also, in cases when optical beams are reflected from the working surface of the sample, reaction-induced hydrodynamic disturbances, such as bubbles and natural convection, may deflect the beams, producing noise and reduced stability of the curvature measurement. Consequently, fully submerged sample configurations that use reactive metal films for beam reflection cannot be used during gas-evolving electrochemical reactions. However, despite these measurement issues, high resolution stress measurements during electrochemical reactions can be achieved by optical deflectometry. Recently, Van Overmere et al. reported a curvature resolution of 0.2 km −1 with the multiple beam technique to characterize stress evolution during aluminum anodizing. 22 In this article we report design and validation of an experimental setup that addresses the limitations of in-situ monitoring of stress evolution in electrochemical cells. For this purpose, we introduce a new high-resolution stress measurement technique for electrochemical systems, phase-shifting curvature interferometry. The experimental design incorporates advantages such that in-situ stress measurement can be performed on both monolithic or layered sample configurations, and curvature measurements are not influenced by hydrodynamic disturbances induced by electrochemical reactions. Aluminum anodizing experiments were used to validate the curvature interferometry method. The literature over the last fifty years contains a number of contradictory observations about stress evolution during Al anodizing, starting with Vermilyea's report that oxidation produced compressive stress. 24 Wüthrich also found that stress change due to barrier oxide formation in neutral solution became increasingly compressive at larger current density. 25, 26 However, Nelson and Oriani along with Bradhurst and Leach observed that the stress change during anodizing was compressive at low current density but increasingly tensile at higher current densities. 4, 5 Moon and Pyun reported complex trends of stress vs. current density during anodizing in sulfuric acid, but also found tensile stress changes at relatively high current density. 27 Proost and co-workers recently presented the first high-resolution measurements, obtained by multiple beam deflectometry. 6, 23, 28 They found that the anodizing stress change became more compressive at higher current density, in agreement with the work of Vermilyea and Wüthrich but in contrast with the others. The present work attempts to resolve these contradictory trends by using curvature interferometry to characterize stress evolution during anodizing in phosphoric acid, comparing the results to those of similar experiments by Proost and coworkers. In the rest of the paper, we first provide background on phase-shifting curvature interferometry and describe our experimental design. Then the stability and measurement resolution of the curvature interferometer are demonstrated, and we finally discuss the results of anodizing experiments.
Theory of Phase-Shifting Curvature Interferometry
Phase-shifting curvature interferometry uses an interference measurement to detect changes in the curvature of a sample undergoing treatment. As shown in Fig. 1 , the interferometer apparatus consists of a convex lens, a reflecting mirror, and a reflective sample surface arranged such that the sample surface and the mirror are located in the two focal planes of the lens, separated by the focal distance f. The optical system is on the opposite side of the sample from the electrochemical cell. In this arrangement, points D and C on the sample are the images of points A and B, respectively: any beam b 1 incident on point A is also incident on point D, and any beam b 2 incident on point B will also reflect from point C. Thus, both beams are reflected twice from the sample and accumulate a path length difference δ.
The path length difference between the beams is directly related to sample curvature changes. In Fig. 1 , reflected beams from points A and B on the sample surface result in a path length difference 2(y A − y B ), and similarly, after reflection from points D and C, beams 1 and 2 develop a path length difference 2(y D − y C ). The total length difference δ between the two beams is
The relation of the path length difference to the curvature follows a finite difference approximation,
Here c is the distance between point A and B, the same as the distance between point C and D; d is the distance between the midpoints of the segments AB and C D. Eq. 2 is valid if the sample deflections y A , y B , y D and y C are small, and the sample is initially flat with negligible slope. The path length difference changes continuously during an experiment in response to stress-dependent curvature changes. The time-dependent path length difference and hence curvature are measured by interfering the beams. The path length difference δ(t) introduces a phase shift φ(t) = φ 0 + 2πδ(t)/λ, where λ is the wavelength of the light source and φ 0 is the initial phase value of the fringe. The continuously changing phase shift causes the intensity of the interfered beam to oscillate over time according to
where I m and A are the mean intensity and amplitude of the measured intensity signal. Differentiating this expression produces a relation between changes in path length difference and measured intensity changes,
However, Eq. 4 cannot be unambiguously inverted to compute the path length change, as the original phase φ 0 is not explicitly known.
In addition, the sensitivity of the measurement is extremely low when the phase difference between the beams is a multiple of π.
A phase-shifting interferometer provides unambiguous path length measurement and also eliminates phase-dependent sensitivity. In order to implement the phase shift, the beams reflected from the surface are initially split into two components, and a phase shift of 90 • is introduced in only one of the components. The interference of the unaltered component produces intensity
Similarly, the interference of the phaseshifting component results in intensity
. Both intensity changes dI 1 and dI 2 are monitored. Combining these measurements leads to an expression for the path length change that does not incorporate the unknown initial phase,
Changes of path length and curvature are then related by Eq. 2, dκ = dδ/2cd. Stress and curvature changes are related by the Stoney thin film approximation, if the ratio of sample to substrate thickness is small. As discussed below, this restriction was satisfied in our anodizing experiments. According to the Stoney approximation for thin planar specimens with biaxial stress state, the stress change is obtained from
where F is the in-plane force per unit width at the Al surface produced by anodizing, h s is the substrate thickness, and ν s and E s are the Poisson's ratio and Young's modulus of the substrate. In terms of the measurement variables, dF is
The force per width is equivalent to the biaxial in-plane stress change σ xx integrated over the thickness dimension,
where the x-axis lie parallel to the surface, and the z-axis extends toward the bulk metal from its origin on the solution interface. The stress change σ xx may be localized primarily within the sample layer, in which case F can be interpreted as the "stress-thickness product" of the sample, the product of the average in-plane stress in the oxide and its thickness. However, if the substrate is not completely inert, the reaction-induced stress changes may also extend to a thin layer of adjoining substrate material.
Experimental
Integrated electrochemical cell and interferometry system.-The curvature interferometer was integrated with a specially design electrochemical cell in order to monitor stress development during anodizing. The sample served as one of the walls of the electrochemical cell. Anodizing was confined to the portion of the Al surface in contact with solution, with the optical system on the opposite side of the sample. Since the beam path did not penetrate into solution, bubbles and reaction induced convection flows did not disturb the optical measurements. The Al plate sample was mounted using viscous sealant at its periphery, to allow it to deform while preventing leakage of electrolyte solution. The electrochemical cell and the interferometer were ecsdl.org/site/terms_use address. Redistribution subject to ECS license or copyright; see 129.186.176.91 Downloaded on 2014-02-10 to IP enclosed inside an acoustic isolation box and placed on an optical table in order to minimize the influence of acoustic and environmental noise on stress measurements.
The beam paths and components of the optical system are illustrated in Fig. 2 . A He-Ne laser (λ = 633 nm) was used as a light source. A single incident beam from the laser was divided into two parallel beams, using the steering mirror M1 and the cube beam splitter BS1. BS2 directs both beams to the back surface of the sample, and the reflected beams from points a and b are then focused onto the mirror M2 using the convex lens L1. After both beams reflect again from points c and d, BS3 steers them toward a phase-shifting Mach-Zehnder interferometer in order to determine the path length difference. A suitably oriented quarter-wave plate Q1 converts the polarization of one of the beams from linear to circular, after which beam splitter BS5 is used to interfere the two beams. In order to measure the intensity of the interfered beams, linear polarizers P1 and P2 are aligned with fast and slow axis of the quarter wave plate respectively, such that output of photodetectors PD1 and PD2 are proportional to the sine and cosine of the phase difference. The measured intensities from the two detectors are analyzed using Eq. 5 to monitor path length difference and therefore curvature changes.
Experimental procedures.-Samples were cut into rectangular shape (3.5 × 2.5 cm) from 1 mm thick 99.998% hard aluminum sheet. The Stoney thin-film approximation was satisfied since the anodic oxide thickness of 10-100 nm was much smaller than the Al plate thickness. The cut samples were degreased in acetone and then rinsed in deionized water and dried in an air stream. The surface pretreatment for anodizing involved first etching in 10 wt% NaOH at 60 • C for 60 s, followed by immersion in 10-vol% HNO 3 for 30 seconds at room temperature, and rinsing in distilled water. 29 This procedure resulted in linear and reproducible voltage response during anodizing. Reflective mirror-flat gold films were then transferred to the back side of aluminum sample using a template-stripping technique. The positions of the incoming light beams on the sample surface were marked to measure the c and d values.
At the start of an anodizing experiment, the samples were mounted in the electrochemical cell and the optical system was aligned before introducing solution. In order to determine the stability of the interferometry measurement, in each experiment the curvature of the samples was monitored for three to four hours before introduction of the electrolyte solution. Prior alignment in this manner controlled the exposure time of the Al surface to the phosphoric acid solution. The optical setup was initially perturbed by tapping on the mirror in the Mach-Zehnder interferometer in order to determine the range of intensity changes for the two interfered signals. After perturbation, the samples were left undisturbed for four hours and the curvature changes were monitored to determine the stability and resolution of the curvature measurement.
Anodizing was carried out at ambient temperature in 0.4 M H 3 PO 4 solution. Constant current polarization was applied using a twoelectrode power supply (Keithley 2400) and platinum wire counter electrode. The current distribution during anodizing is uniform because of the high resistance of the anodic oxide layer relative to the aqueous cell solution. After the anodizing solution was introduced into the electrochemical cell, current was applied and monitoring of voltage and curvature changes initiated. At the conclusion of anodizing, the area of the sample undergoing electrochemical reaction was measured to determine the active area and hence the current density. The current densities in these experiments ranged from 2 to 25 mA/cm 2 .
Results and Discussion
Resolution, stability and uncertainty analysis.-The resolution and stability of the interferometry system was demonstrated by measuring its response to a mechanical perturbation. Fig. 3 shows the intensities of the interfered beams measured on a non-reacting sample after the interferometer was initially disturbed by tapping on the steering mirrors. The photodetector outputs are normalized with their amplitudes to facilitate presentation. The effect of the perturbation was seen for the first two hours, as the oscillation due to the tapping disturbances slowly decayed. The plotted outputs clearly demonstrate the phase shift between the two interference signals introduced by the quarter wave plate and polarizers: when one beam was near its peak intensity, the other was between peaks with its intensity changing rapidly. After the influence of the disturbance died out, the interferometer output remained stable for almost six hours of observation. These measurements were performed before each anodizing experiment to verify the stability of the measurement system.
The stable part of the curves in Fig. 3 was analyzed to determine the smallest curvature change that can be reliably measured. Fig. 4 shows the noise level of the curvature measurement, as quantified by the curvature change over each experimental time step determined by Eqs. 2 and 5. Also, Fig. 4 displays the drift of the curvature measurement, indicated by the cumulative curvature change over the stable part of photodetector output in Fig. 3 . The curvature changes over individual time steps are all smaller in magnitude than 1 × 10 −6 m −1 , which may be taken as a noise threshold for the curvature measurement. Over the period of six hours, the drift in the curvature measurement or the cumulative curvature change is less than 1 × 10 −4 m −1 , indicating that the drift rate of the curvature measurement is approximately 5 × 10 −9 m −1 s −1 .
The stress monitoring setup will primarily be used to determine the change in stress as a function of reaction time, hence uncertainty propagation analysis was also performed to determine the reliability of the rate of curvature measurement. From Eq. 2, the rate of curvature change is
Accordingly, the uncertainty in the curvature change rate can be produced by errors in three measurements: the rate of path length change dδ/dt and c and d, the distances between reflection points (Fig. 1) . The uncertainty of dκ/dt produced due to each type of error is determined by the partial derivatives of Eq. 9 with respect to these measurements. 30 The overall uncertainty is [11] where B = 2πA 1 A 2 /λ. The stable parts of the curves in Fig. 3 are used to determine the intensity of the two interfered beams and uncertainty in photodetector output was estimated to be 10 mV. The rates of intensity change were computed using finite difference approximations from the output of the photodetectors, and the uncertainty in the rates of intensity change was estimated from the standard deviation of the computed values. Using these values in Eq. 11, the uncertainty in the rate of path length change was computed to be 0.1 nm/s. The distances c and d were measured using digital calipers, and the uncertainty in the measurement was estimated to be 0.1 mm. From Eq. 10, the uncertainty in the curvature change rate was estimated to be 8 × 10 −7 m −1 s −1 . Thus, in one second a curvature change can be resolved equivalent to a radius change of 1,000 km. In particular, for 1 mm thick aluminum (ν s = 0.33 and E s = 72 GPa) the stress monitoring system can reliably resolve stress development rates faster than 0.015 Nm −1 s −1 . Based on previous reports, this resolution of stress development will be adequate to accurately monitor the stress development during aluminum anodizing.
These results indicate that phase-shifting curvature interferometery can determine curvature changes with extremely high resolution and stability. Stability and reliability of the technique are vital for precise in-situ stress measurements. The phase-shifting curvature interferometer enables the unambiguous determination of the path length change between the two beams that are twice reflected from the sample surface and measurement of the time variation of sample surface curvature. The paths of the two beams are arranged to be close to each other in order to minimize the influence of environmental disturbances on the measurement. For the stress-monitoring setup, the use of beams reflected from the back surface of the sample, without passing through the solution, results in extremely stable, reliable and high resolution measurement of curvature changes as seen here.
Stress measurement during anodizing.-Galvanostatic anodizing experiments were carried out to assess the ability of curvature interferometry to measure stress changes during electrochemical reactions. The intensities of the interfered beams were monitored during anodic oxidation, and the integrated stress in the film was determined using Eq. 8. Fig. 5 shows an example of transient potential and stress evolution in these experiments, for the initial 15 s of anodizing at a current density of 5 mA/cm 2 . The rate of increase of the integrated stress was 0.1 Nm −1 s −1 , a factor of ten larger than the minimum measurable rate identified in the previous section. The maximum potential of 20 V reached in this experiment is within the range of stable barrier oxide growth, i. e. below the potential where the pores begins to spontaneously develop. 31 Under such conditions, the electric field in the oxide is approximately constant corresponding to a thickness to voltage ratio r A = 1.1 nm/V. 32 The rate of potential increase dV /dt is
where ε O is the anodizing efficiency, i is the applied current density, ox is the molar volume of anodic alumina (33 cm 3 /mol) and F is Faraday's constant. The efficiency was calculated to be 0.48 from the approximately linear increase of potential increase of 1.15 V/s in Fig. 4 . This value close to the efficiency of 0.47 determined by nuclear reaction analysis of the oxygen content of the film, at the same anodizing conditions. 31 The barrier oxide thickness can then be estimated with reasonable accuracy from the measured potential and the anodizing ratio.
If it is assumed that stress changes due to anodizing are localized entirely in the oxide, the average in-plane stress in the oxide can be calculated from the measured force and the estimated thickness. Van Overmeere et al. used this approach in obtaining the average stress in anodic oxides on Al thin films growth in 0.4 M H 3 PO 4, 6,28 and we used the same assumption to directly compare our results with their deflectometry measurements. The apparent average stress during barrier oxide growth was determined by dividing the force per unit width measured at the maximum voltage of 25-30 V by the oxide thickness at this voltage. The oxide thickness calculation accounted for the dependence of the thickness-voltage ratio on current density. 32 ecsdl.org/site/terms_use address. Redistribution subject to ECS license or copyright; see 129.186.176.91 Downloaded on 2014-02-10 to IP Figure 6 . Dependence of the apparent stress in the barrier oxide layer on applied current density. Compressive stress is taken as negative. The average in-plane biaxial stress was computed by dividing the force measurement by the oxide thickness. Results from the present work are compared to those of Van Overmeere et al. obtained with multiple beam deflectometry. 28 Anodizing for all experiments was in 0.4 M H 3 PO 4 at ambient temperature. Fig. 6 shows the resulting average stress values, illustrating a generally high degree of consistency with the deflectometry results of Van Overmeere et al. At the lowest current density of 2 mA/cm 2 , both methods found the apparent average stress to be tensile at about 100 MPa. With increasing current density, in both cases the stress increased in the compressive direction, following an approximately logarithmic dependence on current density. Both investigations found a comparable current density of 4 mA/cm 2 at the crossover from tensile to compressive stress. The two sets of results differed mainly in the slope of stress vs. logarithm of current density, −380 and −300 MPa per decade respectively between the present measurements and those of Van Overmeere. The different slopes might be related to the quite different types of metal sample in the two investigations, as Van Overmeere used sputtered Al thin films on silicon, as opposed to hard Al sheets in our work. Thus, possible explanations for the more positive slope in our work might be a tensile stress contribution from the hard Al substrates, or a compressive contribution from the Al thin films. Future work will examine the separate stress changes in the metal and oxide during anodizing.
The high degree of consistency between the deflectometry results of Van Overmeere et al. with the present interferometry measurements, even with different specimen types and configurations, helps to resolve the ambiguous trends reported in the literature on stress changes during anodizing. Earlier stress measurement experiments had required thin metallic foils as substrates (10-100 μm), because the techniques used could not resolve very small curvature changes. These stress measurements may have been influenced by the residual stress and plastic deformation produced during machining of these thin foils, resulting in differing observations. In contrast to the early experiments, both sets of high-resolution measurements agree that anodizing produces compressive stress changes, except at very low current density. Several possible sources of electric fieldinduced compressive stress are possible during anodizing, including the volume increase due to the anodizing reaction, electrostriction, and field-driven hydration. 10, 24, 33, 34 Effective discrimination between these interpretations requires additional experiments, such as transient interruptions and measurements of stress distributions in the film. Knowledge of stress distributions is also critical to determine the role of stress in transport processes and hence morphological instability. 11 The results indicate that phase-shifting curvature interferometry can be utilized to measure curvature changes as small as 10 −3 km −1 . In addition, the stability and reliability of the curvature measurement can allow us to resolve curvature change rates as small as 10 −3 km −1 s −1 . The optical arrangement of sample and mirror (shown in Fig. 1 ) ensures that the beams are reflected from the same locations on the sample surface during the curvature measurement. Hence the path length change in the beam is not influenced by surface roughness of the gold film. Phase shifting interferometry allows direct determination of path length change for beam reflected from the gold surface and enables the high-resolution measurement of curvature change. From Eq. 10, the curvature resolution can be improved by increasing the lateral spacing between the beams so the distances c and d in Fig. 1 become larger. Also, since the smallest measurable stress for a given curvature resolution increases with the square of the substrate thickness (Eq. 6), stress resolution can also be improved by decreasing the substrate thickness. It should be pointed out that the substrates used in this work are over four times thicker than those in the high-resolution deflectometry measurements of Van Overmeere et al. 6, 23, 28 This difference in substrate thickness results in almost an order of magnitude smaller curvature change for thicker substrates, assuming the same stress-thickness product of the barrier oxide film. The stability and high sensitivity of the curvature interferometer allowed accurate resolution of these curvature changes.
Conclusions
Phase-shifting curvature interferometry was integrated in an electrochemical cell to enable high-resolution measurement of stress changes during electrochemical reactions. The results demonstrate the applicability of interferometry approaches in electrochemical systems. The smallest curvature change that could be resolved using the curvature interferometer was 10 −3 km −1 , which is comparable or higher than that obtained by state-of-the-art multiple beam deflectometry techniques. Rates of curvature change as small as 10 −3 km −1 s −1 could be reliably measured. This minimum rate is a factor of ten smaller than that needed to resolve stress change rates accompanying anodic oxidation, even with the mm-thick substrates used in this study. The interferometry system should be able to resolve stress changes during extended dissolution processes, where relatively thick samples must be employed. The separation of the optical system and the electrochemical cell ensured that environmental effects on stress measurements were minimized, therefore allowing highly stable measurements. Stress evolution during galvanostatic anodizing of aluminum was performed to demonstrate the effectiveness of the stress monitoring system. The dependence of stress on current density was found to be quantitatively consistent with that observed previously with multiple beam deflectrometry. 6, 28 Measurements with both methods found that the apparent stress in the barrier oxide was tensile at low current density but became more compressive at higher current density, according to a logarithmic dependence. The close similarity between the results of these two investigations helps to resolve conflicting reports of anodizing-induced stress in the literature.
